There is increasing evidence for chromosomal domains containing multiple imprinted genes and for domain-wide disruption of imprinting in certain diseases. In a majority of Wilms' tumors (WTs) there is an abnormal bipaternal pattern of expression at three imprinted loci, H19, IGF2 and KIP2, clustered on chromosome 11p15.5. We previously described biallelic expression of L23MRP, 40 kb downstream of H19. Here we map two additional genes, the first encoding a ubiquitously expressed RNA, 2G7, and the second encoding the fast isoform of skeletal muscle troponin-T (TNNT3), in the 55 kb of DNA downstream of L23MRP. 2G7 RNA is spliced and polyadenylated but lacks long open reading frames. 2G7 and TNNT3 are biallelically expressed in mid-fetal and adult human tissues and 2G7 shows persistent expression in WTs. The rat homologue of L23MRP is highly conserved and lies within 85 kb of H19 in a region of rat chromosome 1 which also contains IGF2 and TNNT3. Parallel expression of H19 and TNNT3 in different adult skeletal muscle types suggests that these genes may share an enhancer. These data outline multiple contiguous loci downstream of H19 which escape functional imprinting in humans. The rodent-human synteny of this region may facilitate a search for an imprinting domain boundary.
INTRODUCTION
Genomic imprinting is a gametic process which leads to parent-of-origin-specific transcriptional silencing of a subset of genes in the offspring. Imprinted genes appear to cluster in particular chromosomal regions. Notably, in the Prader-Willi syndrome/Angelman syndrome region of human chromosome 15q11-q13 there are at least five distinct transcripts which are normally expressed exclusively from the paternal allele and this region is predicted to contain at least one additional gene with the opposite pattern of maternal-restricted expression (1) (2) (3) . In a region of human chromosome 11p15.5 which is subject to recurrent maternal loss of heterozygosity (LOH) in embryonal tumors such as WT, embryonal rhabdomyosarcoma and hepatoblastoma there are three imprinted genes, H19 and two upstream (centromeric) genes, IGF2 and KIP2 and the syntenic region of mice contains these loci as well as at least two other upstream genes, Ins-2 and Mash2, which show functional imprinting in some tissues (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
The clustering of imprinted genes may have implications for the mechanism of imprinting in the gametes. For example, according to a chromatin accessibility model, imprinted domains may correspond to regions of the chromosome which have an open or accessible chromatin structure in the developing gametes of one sex but not the other. To map the domain of imprinting on human chromosome 11p15.5 and to characterize a potential boundary of this domain we have isolated genes consecutively downstream of H19 and have tested them for allelic expression bias in normal tissues and for dysregulation in WTs. We previously described the first of these genes, L23MRP, located 40 kb downstream of H19 (18) . This gene is not functionally imprinted in mid-fetal and adult human tissues and is not dysregulated or abnormally methylated in WTs which show H19 hypermethylation and transcriptional inactivation and downmodulation of KIP2 expression (17) (18) (19) . We now report our extension of these studies to two additional loci consecutively downstream of L23MRP and we characterize the region downstream of H19 in terms of rodent-human synteny.
RESULTS

P1 cloning and exon trapping
By PCR screening of a P1 phage library with L23MRP primers we obtained several large genomic clones. Two overlapping clones (P1-5514 and P1-5515) spanned a total of ∼145 kb. P1-5514 contained H19 and L23MRP while P1-5515 contained L23MRP and ∼75 kb of downstream DNA (Fig. 1A) . Exon trapping from P1-5515 yielded two candidate exons which were sequenced. The first exon, which was 153 bp and was arbitrarily designated 2G7, was not similar to any bona fide genes in the database but was identical to a short sequence (GenBank L38282) from exon trapping studies performed by another laboratory. The second trapped exon, which was 90 bp, showed identity to exon 15 of the human gene for the fast isoform of skeletal muscle *To whom correspondence should be addressed troponin-T (TNNT3), a gene which had been previously mapped to band 11p15.5 in somatic cell hybrids (20) . After cloning the 2G7 cDNA (see below) we used Southern blotting of the P1 clones with various L23MRP, 2G7 and TNNT3 exon probes to determine the relative transcriptional orientations and distances between H19 and the three downstream loci (Fig. 1A) . This showed successive head-to-head and tail-to-tail orientations of the four genes, with an overall distance of ∼100 kb between H19 and the 5′ end of the most downstream gene, TNNT3.
Sequence and biallelic expression of 2G7
To identify the complete 2G7 transcript we carried out 3′ and 5′ anchored reverse transcription (RT)-PCR (RACE) with human skeletal muscle RNAs. This initially yielded a 900 bp cDNA which was applied as a probe on northern blots of total and oligo-dT-selected RNAs from various human tissues and which detected a single major polyadenylated transcript of ∼1.2 kb in which was equally expressed in a variety of adult and fetal tissues ( Fig. 2 and data not shown) . A second round of 5′ RACE yielded 300 bp of additional sequence which was proven to be legitimate by RT-PCR using primers located at the ends of the sequence, which directly yielded the predicted 1.2 kb cDNA. Sequencing of the 900 bp cDNA and the 5′ end of the 1.2 kb cDNA (two independent PCR clones each), as well as several genomic PCR products spanning intron-exon boundaries, showed that the 2G7 gene consists of at least six small exons and encodes a spliced RNA which lacks long continuous translational reading frames (Fig. 3A) . 2G7 is therefore similar to H19 in the sense that it is composed of small exons separated by small introns and gives rise to a spliced and polyadenylated but most likely untranslated RNA, but it differs from H19 in that the steady-state levels of its transcript are comparatively low and not tissue-or developmental stage-specific ( Fig. 2 and data not shown) . Also in contrast to H19, the 2G7 exons are not particularly G/C-rich and an Alu-like element is present in the 2G7 transcript (nucleotides 386-444). Other than this, no significant sequence similarities were found in the database.
The discrete size, well-defined splicing and polyadenylation of the 2G7 transcript encouraged us to pursue the analysis of allelic expression at this locus. Genomic and cDNA PCR products were generated from human fetal and adult tissues using 2G7 primers and the radiolabeled products from multiple individuals were screened for sequence variants by single-strand conformation polymorphism (SSCP) analysis and sequencing of the products which showed variant bands. A recurrent polymorphism which created an EcoRI restriction site was found in one of the exons. Since this polymorphism was present at an allele frequency of (17). In multi-tissue northern blots 2G7 was expressed at roughly equivalent levels in adult and fetal kidney, lung, liver, placenta and brain and in adult heart, skeletal muscle and pancreas (data not shown). Films with the 2G7 probe were exposed overnight; films with the H19, actin and G3PDH probes were exposed for 1-2 h. In this gel the 2G7 transcript migrated at an apparent size of 1.1 kb relative to the RNA markers but in other gels with less heavily loaded marker RNAs the 2G7 band showed relative migration at 1.2 kb.
∼10%, it was possible to test various tissues of four heterozygous 16-23 week gestation fetuses, one newborn, one 6 year old child and three adults for allelic expression by RT-PCR using primers which spanned intron-exon boundaries (Fig. 1B) . In every sample the 2G7 gene was expressed biallelically (Table 1 and Fig.  4A ). Some imprinted genes, notably human KIP2, can be expressed biallelically but with a consistent bias towards increased expression of one allele (15, 17) . In multiple experiments no reproducible allelic expression bias of this type was seen for 2G7. Thus, 2G7 is not functionally imprinted in a variety of human tissues at mid-fetal to adult stages of development.
Expression of 2G7 in WTs
In large series, ∼70% of WTs have shown significant down-modulation of expression of the paternally imprinted 11p15.5 genes H19 and KIP2 and increased (biallelic) expression of the maternally imprinted 11p15.5 gene IGF2 (16, 17, 19, 21, 22) . These tumors include cases which have undergone 11p15.5 LOH with loss of the maternal alleles and reduplication of the paternal alleles and, more informatively, cases which retain heterozygosity but nonetheless show a 'bipaternal epigenotype'. If there is a specific disruption of functional imprinting in these WTs then one might predict that non-imprinted 11p15.5 genes would not show dysregulated expression. To test this for 2G7 we hybridized northern blots of poly A+ RNA from control fetal kidney and several WTs with the 2G7 cDNA probe. These blots contained WTs representative of both classes of cases (LOH and non-LOH) which have a bipaternal 11p15.5 epigenotype. 2G7 RNA was moderately reduced (2-3-fold by densitometry normalized to G3PDH or actin) in two of the three WTs relative to fetal kidney, but the persistent 2G7 expression in all three tumors contrasted markedly with that of H19 which, consistent with previous studies, was repressed more than 20-fold relative to fetal kidney (Fig. 2) . Biallelic expression of TNNT3 and co-expression with H19 in fast skeletal muscle
To search for polymorphisms in exons of TNNT3 we carried out RT-PCR/SSCP analysis of the entire coding region in skeletal muscle RNAs from multiple individuals. One rare but recurrent polymorphism was found, a T→C change at nucleotide position 647 in the cDNA sequence (GenBank M21984) which was neutral in terms of the amino acid sequence but which created a TaqI restriction site (Fig. 1C) . This polymorphism was confirmed by genomic PCR and sequencing. TNNT3 RT-PCR products were generated using a strategy which encompassed four intron-exon boundaries (Fig. 1C) and TaqI digestion of the resulting cDNAs from skeletal muscle and a variety of other tissues from two heterozygous 16-23 week fetuses and one 4 year old child showed that, in all cases, both TNNT3 alleles were expressed and that there was no allelic bias (Table 1 and Fig. 4B ). Thus, TNNT3 is not functionally imprinted in a variety of human tissues at mid-fetal and postnatal stages of development. Since H19 expression is repressed in all adult tissues except skeletal muscle it is suspected that the H19 promoter can interact with a muscle-specific enhancer. The mapping of TNNT3 within 100 kb of H19 suggests that this gene might be providing the enhancer. Since TNNT3 expression is restricted to fast skeletal muscle fibers this model predicts that H19 should also show preferential expression in fast compared with slow skeletal muscle. A northern blot analysis of rat skeletal muscle RNAs confirmed this prediction: H19 RNA was very abundant in two different muscles predominantly composed of fast fibers (tibialis anterior and white quadriceps) and was only weakly detectable in a slow skeletal muscle (soleus) (Fig. 5) .
Rodent-human synteny of the region downstream of H19
Despite its apparent lack of protein coding potential, the H19 gene is well conserved among several mammalian species. To ask whether the gene structure of the region downstream of H19 was conserved we isolated the rat homologue of L23MRP. An 85 kb rat P1 clone was obtained by hybridization with a rat H19 probe and was subjected to Southern blotting with a human L23MRP cDNA probe at moderate stringency. A 600 bp HpaII restriction fragment which showed specific hybridization was subcloned and sequenced. This yielded 80 bp of sequence with strong similarity to the central region of the human L23MRP cDNA and to a 439 bp rat EST (GenBank H35131). A 540 bp rat L23MRP cDNA was cloned by 5′ RACE using nested primers based on this sequence. This detected a ubiquitous 55 kb transcript in northern blots of poly A+ RNA from various rat tissues, suggesting that the RACE-generated clone was roughly full-length (data not shown). The full-length rat cDNA (GenBank U62635) showed high sequence similarity to the human cDNA and contained a single open translational reading frame with 86% amino acid identity to the predicted protein sequence of human L23MRP. A database search showed no additional similarities beyond the moderate mitochondrial, chloroplast and bacterial ribosomal protein matches found with the human sequence (18) . Table 1 .
These data indicated rodent-human synteny of H19-L23MRP, with the genes separated by 40 kb in humans and not more than 85 kb in the rat. The rat gene for fast skeletal muscle troponin-T, on chromosome 1, also shows clear synteny with human chromosome 11p15.5 by virtue of its presence in the same linkage group as IGF2 (23) and this suggests that the entire region downstream of H19 is well conserved between rodents and humans.
DISCUSSION
With the accumulating evidence for clustering of imprinted genes in chromosomal regions it appears increasingly likely that imprinting might reflect the existence of chromosomal domains with sex-specific differences in chromatin 'accessibility' in the Figure 5 . Parallel expression of H19 and TNNT3 in fast versus slow skeletal muscle. Total RNA from the indicated adult rat skeletal muscles was analyzed sequentially with the indicated probes. H19 and TNNT3 are coexpressed at high levels in the two muscles with predominantly fast fiber types (tibialis anterior and white quadriceps) and are relatively inactive in the slow muscle (soleus). TNN1, slow isoform of troponin-I. developing gametes. DNA within such regions might be differentially marked, by CpG methylation and/or by binding of transcriptional repressor proteins, in egg versus sperm and, for genes with appropriate local regulatory sequences ('imprinting boxes') this could lead to allele-restricted gene expression in the offspring. A strong sex-bias in the rates of meiotic recombination restricted to imprinted regions of human chromosomes supports this model (24, 25) . If imprinted regions have a sex-specific chromatin structure in the gametes then DNA elements which establish boundaries between open and closed chromatin (26) might also define the borders of imprinted domains. Alternatively, the chromatin structure of imprinted domains might be determined solely by internal sequences, such as repetitive motifs (27) , and domain boundary sequences per se might not be important. Distinguishing between these possibilities will require germline modification experiments in mice, but the design of such studies will depend on prior multi-locus mapping and cross-species comparisons of regional imprinting.
The finding of biallelic gene expression at three loci consecutively downstream of human H19 suggests that there may be an imprinting domain boundary between H19 and L23MRP, but there are two major caveats. First, we have not been able to examine allelic expression at very early developmental stages and this could lead to a false impression of lack of imprinting. For example, the Ins-2 gene in mice is functionally imprinted only in the fetal yolk sac and not in its primary site of expression, the adult pancreas (11) . Second, there appear to be genes which lie well within putative imprinted domains but which are not themselves functionally imprinted. When examined in the pancreas, Ins-2 is an example of this since it lies between Igf-2/H19 and other imprinted genes such as Kip-2 and Mash-2. Another example is the TH gene, which also lies between the imprinted genes IGF2/H19 and KIP2 but which is biallelically expressed in adult mouse brain (28) . Genes which lie within imprinted domains but which escape functional imprinting most likely lack imprinting boxes which are essential for transcriptional silencing by CpG methylation or other epigenetic modifications. If there is indeed a border of the 11p15.5 imprinted domain between H19 and L23MRP, then our finding of rodent-human synteny of this region is encouraging in terms of future attempts to functionally define boundary sequences by germline deletions in mice.
H19 is highly expressed in a variety of fetal tissues but shows markedly reduced expression in almost all adult tissues, with the exception of skeletal muscle (29) . The localization of TNNT3 ∼100 kb downstream of H19 is intriguing since this gene encodes the isoform of troponin-T which shows high expression restricted to fast skeletal muscle. Based on our finding of high H19 expression in fast but not in slow skeletal muscle it is likely that there are long-range enhancer-like elements shared by the two genes in fast skeletal muscle cells and that this accounts for the persistent expression of H19 in this adult tissue, but if this is the case there cannot be mutually exclusive 'competition' for these enhancers since TNNT3 is biallelically expressed. A possible precedent for non-competitive enhancer sharing in mammals are the linked albumin and alpha fetoprotein (AFP) genes, which are coexpressed in murine fetal liver and which can share the tripartite AFP enhancer in a plasmid model (30, 31) .
Lastly, our findings regarding the structure and sequence of the 2G7 gene are of interest in terms of the poorly understood roles of non-coding spliced and polyadenylated RNAs in the cell. The 2G7 transcript joins H19, XIST and IPW as the fourth example of an apparently non-coding spliced and polyadenylated RNA closely associated with an imprinted chromosomal region (2) . Whether this association is meaningful or instead results from an ascertainment bias due to intensive gene analysis in these regions remains to be seen. We have described tumor suppressor activity of human H19 RNA (32) and a cis-regulatory effect of H19 transcription influences IGF2 allelic expression via enhancer competition (33) . Since 2G7 RNA is present in the cell at much lower levels than H19 RNA we doubt that these molecules share the same biological function. There is at least one example of a non-translated spliced and polyadenylated RNA which gives rise to functional small RNAs from its introns (34) . The possibility of a function for 2G7 introns remains to be tested.
In summary, we have shown that three genes consecutively downstream of human H19 are not functionally imprinted in mid-fetal to adult tissues and that there is long-range rodenthuman synteny of this chromosomal region. Additional mapping of imprinting in the opposite (centromeric) direction along the chromosome may define the extent of the putative 11p15.5 imprinted domain.
MATERIALS AND METHODS
Genomic clones and exon trapping
P1 clones (Genome Systems, St. Louis, MO) were isolated by PCR-screening using L23MRP primers (18) . Exon trapping was performed with BamHI, BglII, BamHI-BglII and PstI fragments of P1-5515 subcloned into the pSPL3 vector, as previously described (18) .
RT-PCR, RACE and RFLP analysis for 2G7 and TNNT3 allelic expression
Reverse transcription of total RNA was with Superscript reverse transcriptase (GIBCO-BRL, Gaithersburg, MD). RACE PCR for cDNA cloning of 2G7 and rat L23MRP was with the 5′/3′ RACE kit (Boehringer-Mannheim, Indianapolis, IN). PCR primers for allelic analysis of cDNAs were: 2G7-1 (TGCAATTGTTACAG-GAGAG); 2G7-2 (TATGCACGGGAACCTGGG); 2G7-3 (GTATGCACTGTAGTCCCAGCTGCT); Tn-1 (TACCTGGC-CAAGGCTGACC); Tn-2 (AGGCAGCAAGGACACAGAC). The 2G7-1 primer, together with a different downstream primer, 2G7-4 (ATGAGACTGAGTCCTACT), was used for genomic PCR spanning the 2G7 polymorphism. PCR cycling conditions for 2G7 cDNA were: denaturation at 94_C for 4 min followed by 25 cycles of denaturation at 94_C for 1 min, annealing at 58_C for 1 min and extension at 72_C for 40 s with a final extension at 72_C for 6 min. In most experiments nested PCR was carried out with a 1:100 dilution of the first round product for an additional 25 cycles using similar conditions but with annealing at 60_C, extension for 30 s and inclusion of 5% DMSO; products were fainter but allelic expression results were identical with fewer (20 + 20) total cycles. Genomic PCR was carried out under similar conditions but for 30 cycles with annealing at 52_C, extension for 30 s and inclusion of 5% DMSO. Conditions for TNNT3 PCR were: denaturation at 94_C for 4 min followed by 30 cycles (skeletal muscle and heart) or 40 cycles (other tissues) of denaturation at 94_C for 1 min, annealing at 62_C for 30 s and extension at 72_C for 1 min with a final extension at 72_C for 6 min; 5% DMSO was included in the reaction mixture.
Northern blotting
Poly A+ RNA was selected on oligo-dT cellulose. Poly A+ RNA from human tissues (2-5 µg) or total RNA from rat tissues (5 µg) was separated on 1% formaldehyde-agarose gels. The 2G7 probe was the 900 bp cDNA. The TNNT3 probe was a full-length cDNA. The TNN1 probe was a partial cDNA generated by RT-PCR using primers bracketing nucleotides 135-562 of the rat cDNA sequence (GenBank J04993). The control probes have been previously described (17) (18) (19) .
